A chemical mutagenesis to identify zebrafish eye morphological mutants was performed by screening F 3 larvae at 5 and 7 days post-fertilization (dpf) for changes in eye or pupil size. Based on histological analysis, four different phenotypic classes were obtained. The two Class I and three Class II mutants are all characterized by small eyes and exhibit defects in early retinal development or unregulated cell death, respectively. The single Class III mutant has reduced ocular pigmentation. The three Class IV mutants display defects in the ocular lens, including one mutant line with normal sized eyes and pupils that develops lens opacity at 7 dpf. Ó
Introduction
Zebrafish has become an excellent animal model for studies of the vertebrate visual system. A large number of zebrafish mutants exhibiting early developmental defects were identified in two large-scale mutagenesis screens Haffter et al., 1996) and included a large number of mutants that were specifically identified based on alterations in eye morphology . Smaller and more focused screens also successfully identified zebrafish mutants that exhibited either eye morphological or functional visual defects (Brockerhoff, Hurley, Driever, Neuhauss, & Dowling, 1995; Fadool, Brockerhoff, Hyatt, & Dowling, 1997; Li & Dowling, 1997) .
The cellular events underlying zebrafish eye development and the patterns of retinal cell differentiation are well described (Larison & Bremiller, 1990; Li, Joseph, & Easter, 2000; Raymond, Barthel, & Curran, 1995; Schmitt & Dowling, 1994; Schmitt & Dowling, 1996) . The zebrafish retina and lens develops rapidly and can be assessed using histological, immunohistochemical, and behavioral techniques. The first postmitotic cells appear in the ventral nasal region of the retina at 28 h post-fertilization (hpf) and by 50 hpf, the retinal cells have organized into the typical vertebrate retina laminar arrangement (Hu & Easter, 1999; Schmitt & Dowling, 1999) . The photoreceptor cell outer segments become evident at 55-60 hpf and the different photoreceptor cell types can be identified by their morphology and by the appearance of immunocytochemical markers such as the different opsin proteins (Branchek & Bremiller, 1984; Raymond et al., 1995; Vihtelic, Doro, & Hyde, 1999) . Furthermore, teleost fish maintain a population of retinal stem cells throughout life, which continue to proliferate and differentiate into the different retinal neurons (Marcus, Delaney, & Easter, 1999; Otteson, D'Costa, & Hitchcock, 2001 ). The retinal stem cells likely play a role in the regenerative response of the zebrafish retina (Vihtelic & Hyde, 2000) .
During the initial 24 h of eye formation, critical inductive interactions occur between the developing retina and the ocular lens. The lens forms by invagination of the surface ectoderm that overlies the optic vesicle and by 30 hpf the lens has detached from the overlying surface epithelium and is free within the optic cup (Easter & Nicola, 1996; Piatigorsky, 1981; Schmitt & Dowling, 1994 (Easter & Nicola, 1996) . Fully functional vision depends on both the lens and the retina. Therefore, the completion of these ocular cell differentiation events coincides with the development of vision-dependent behaviors by 72 hpf (Easter & Nicola, 1996) . In this report, we describe the initial results of a small-scale chemical mutagenesis screen to identify zebrafish mutants exhibiting eye morphological abnormalities. Eyes that are smaller than normal can be associated with underlying retinal defects (Fadool et al., 1997; Heisenberg et al., 1996; Malicki et al., 1996) . Also, because the fish lens protrudes into the anterior chamber of the eye and thus supports the edges of the pigmented iris, the pupil's size may be an indicator of the lens' structural integrity . Based on the most prominent histological abnormalities of the different mutants, the screen resulted in four different categories of mutant phenotypes. The four classes include (i) defects in early retina developmental processes, (ii) unregulated cell death, (iii) defects in ocular pigmentation and the retinal pigmented epithelium, and (iv) defects in the ocular lens.
Materials and methods

Mutagenesis
Fish were maintained at 28.5°C on a 14 h/10 h light/ dark cycle. For mutagenesis, male zebrafish of the AB line were treated in 3 mM ENU as described (Bauer & Goetz, 2001) .
Progeny from F 2 sibling pairmatings were screened at 5 and 7 days post-fertilization (dpf) for eye morphological defects using a dissecting microscope. Phenotype heritability was confirmed by outcrossing the identified F 2 mutation carriers to wild-type fish and pairmating their progeny. The different mutant lines were maintained by outcrossing to AB and WIK wild-type fish.
Histology
Mutant and wild-type siblings were fixed in 2% formaldehyde/2.5% glutaraldehyde/100 mM cacodylate (pH 7.4) at 4°C for at least 24 h. The tissues were washed in 100 mM cacodylate, distilled water and dehydrated through an ethanol series. Tissue infiltration with Polybed 812 and glass knife sectioning were previously described (Vihtelic & Hyde, 2000) . The sections were stained with 1% methylene blue/1% azure II.
Whole-mount immunohistochemistry
The zebrafish larvae were fixed overnight in 4% paraformaldehyde/5% sucrose/PBS (pH 7.4) at 4°C. The larvae were washed in TBS (pH 7.4) and water, placed into methanol at À20°C for 5 min, rinsed in water and TBS and blocked in TBS/5% normal goat serum/1% DMSO/0.1% Triton X-100. Primary antibodies were diluted in blocking buffer and incubated overnight at 4°C. The zebrafish opsin polyclonal antisera were used to label the different photoreceptor types (Vihtelic et al., 1999) and included anti-rhodopsin (1:5000), red opsin (1:750), green opsin (1:750), blue opsin (1:500), and the ultraviolet (UV) opsin (1:1000). Lenses were labeled using monoclonal antibody zl-1 (1:500; detects an uncharacterized lens-specific antigen; University of Oregon Monoclonal Antibody Facility). The labeled larvae were washed in blocking buffer (6 Â 1 h), and incubated in secondary antibody overnight. For detection of primary antibody binding, the secondary antibodies were Cy3-(Jackson ImmunoResearch) and AF488-conjugates (Molecular Probes).
Results and discussion
We performed an ENU mutagenesis to identify zebrafish mutants that were abnormal in various aspects of eye development. We examined F 3 progeny at 5 and 7 dpf for abnormalities in the size or shape of either the eyes or pupils. The progeny from a total of 199 F 2 families, representing %299 genomes, were examined. Based on our initial macroscopic examination, we identified five mutant lines that are characterized primarily by small eyes, one mutant line exhibiting reduced pigmentation, two lines with small pupils, and a single mutant line characterized by lens opacity. The lines exhibit larval lethality and all the mutants die prior to 14 dpf. Histological analysis allowed us to place these mutants into four different classes based on their most prominent histological abnormality (Table 1) . 
Early retina development mutants
Two small eye mutants, barely started (bst) and good effort (gef), both possess extremely small eyes. Genetic complementation analysis demonstrated that the two mutations are in different genes. The retinal histology of the two mutants appears similar, with both exhibiting a normal lens and only a small number of cells in the retina (Fig. 1B and D) . However, the mutant phenotypes appear at different times and the cells in the two mutant retinas appear morphologically different. For example, the bst lens appears normal at 3 dpf, but the lens has degenerated by 5 dpf (not shown). In contrast, the gef lens develops normally and appears wild type at 6 dpf (Fig. 1D) . Furthermore, the bst retinal cells have large irregular nuclei, while the gef retinal cells are smaller and may be organized in some small areas of the retina (see arrowheads, Fig 1D) . This suggests that the gef retinal cells are attempting to laminate and that some cell types may differentiate.
To further characterize the bst and gef mutant eyes, we examined the opsin protein expression patterns by whole-mount labeling using various opsin polyclonal antisera (Fig. 2) . In the bst mutant retinas, neither rhodopsin nor any of the cone opsin proteins were detected ( Fig. 2A-D) . In contrast, we detected expression of rhodopsin and each of the cone opsins in the gef mutant, but the expression was limited to only a few cells (see Fig. 2E-H for ultraviolet opsin expression) . Close inspection of the opsin-positive cells in the gef mutant revealed that the cells exhibited aberrant morphology ( Fig. 2G and H) . Some of the opsin-expressing cells structurally resembled photoreceptors because the opsin protein was detected in a cell body and was also concentrated in a structure similar to the outer segment (Fig. 2H) . Therefore, based on the opsin expression patterns, photoreceptors fail to differentiate in the bst retinas. The opsin protein expression in the gef mutants indicates that photoreceptor differentiation occurred, although the gef photoreceptors are reduced in number and structurally abnormal.
Cell death mutants
Three mutant lines, which are also characterized by small eyes, exhibited retinal cell nuclear pyknosis (Fig.  3) . The three lines differ in their macroscopic appearance and the age when their phenotype first becomes evident. The massacre (mcr) and goodyear (gdr) mutants are both characterized by a small eye phenotype at 3 dpf and pyknotic nuclei in the different retinal layers and in the brain (Fig. 3A-E) . While cell death occurs normally during retinal development, it is rare in the teleost retina (Biehlmaier, Neuhauss, & Kohler, 2001 ). Previously, pyknotic cells in the retinas and brains of the zebrafish mutants shrunken head and yellow head were determined to be apoptotic by TUNEL and transmission electron microscopy (Daly & Sandell, 2000) .
In contrast to mcr and gdr, the out of bounds (obd) mutant is indistinguishable from wild type until 6 dpf. Also, the pyknotic nuclei in the obd retinas are restricted to the retinal margins and the obd photoreceptor layer does not fully extend to the retinal margin as in the wild type (Fig. 3F) . The obd mutant retina appears similar to the histological phenotype of the round eye mutant identified by Fadool et al. (1997) .
Abnormal pigmentation mutant
The interface (itf) mutant eyes are slightly reduced in size compared to their wild-type siblings and are less pigmented. In zebrafish, the neural crest gives rise to three types of chromatophore, which synthesize either the dark black melanin (melanophores), the yellow colored pteridine pigments (xanthophores), or the gold and silver reflecting purines found in the iridiphores (Lister, Robertson, Lepage, Johnson, & Raible, 1999) . In the itf mutant, a reduction in melanin pigmentation Fig. 1 . Early retina developmental defects in the bst and gef mutants result in extremely small eyes. Panels A and C are sections of wild type eyes at 3 and 6 dpf, respectively. Panel B shows the bst mutant at 3 dpf. The retina consists of only a few cells, while the lens has a wild type structure for this age. The gef mutant at 6 dpf is shown in panel D. A relatively few cells also characterize the gef retina. Arrowheads denote a small area of organized cells that may correspond to the photoreceptor layer. The gef mutant lens remains healthy, unlike the bst lens, which has degenerated by this age. Abbreviations: PL, photoreceptor layer; INL, inner nuclear layer; GCL, ganglion cell layer; R, retina. The scale bars (50 lm) in panels A and B also apply to panels C and D, respectively.
appears to affect only the eyes, although the melanophores may be slightly reduced in number compared to wild type. In addition, the iridiphores are also reduced in number in the itf mutant (not shown). Histological analysis of the itf retinas revealed two abnormalities (Fig. 4) . First, the pigmentation of the retinal pigmented epithelium (RPE) is reduced. Second, there are swollen vacuolated areas in the region where the photoreceptor outer segments contact the RPE (Fig. 4B) . In the retinal Fig. 4 . The itf mutant is characterized by reduced ocular pigmentation. Panel A is a wild-type eye section at 7 dpf, while panel B is an itf mutant eye at the same age. The arrowheads in panel A point to the rod outer segments in the ventral retina which can be visualized at this age. Panel B demonstrates the reduced pigmentation in the itf mutant. The itf RPE is swollen and vacuolated (arrows). In some retinal areas, the RPE protrudes into the photoreceptor layer (arrowhead). In both cases, the underlying photoreceptor outer segments cannot be visualized. Scale bar in panel A (50 lm) also applies to panel B. Fig. 2 . Opsin expression patterns define additional differences between the bst and gef mutant retinas. Panels A-D compare wild-type and bst mutant whole mounts at 3 dpf, while panels E-H compare wild type and the gef mutants at 4 dpf. In panels A and B, the lens was labeled using monoclonal antibody zl-1. The wild-type rhodopsin and red/green opsin labeling patterns are shown in panels A and C, respectively. The arrowheads in panel A identify the ventral retina where the rod cells are most concentrated. The bst mutant lacks detectable rhodopsin (panel B) and also the red and green opsin proteins (panel D) although the antibodies detect protein in the pineal in the wild type and mutants (arrows in panels B-D). Panels E and G show the wild-type ultraviolet (UV) opsin expression pattern in the short single cones at low and high magnification, respectively. In the gef mutant, only a few cells express the UV opsin (arrows, panel F) relative to wild type and the cells appear abnormal (panel H; arrow and arrowhead point to cell body and outer segment, respectively). The scale bars in panels A and C (100 lm) also apply to panels B and D, while the scale bars in E (50 lm) and G (10 lm) also apply to panels F and H, respectively. areas exhibiting the RPE vacuolization, the photoreceptor outer segments could not be identified (Fig. 4B) .
Lens mutants
We identified three mutant lines characterized by defects in the lens. Two lines have small pupils, and the third line exhibits lens opacity at 7 dpf with a normal sized eye and pupil (Fig. 5) . The arrested lens (arl) small pupil phenotype is clearly evident at 3 dpf and the mutant eyes lack identifiable lens tissue by 7 dpf (Fig. 5B) . In contrast, the small pupil phenotype of the disrupted lens (dsl) mutant is not evident until 5 dpf. The dsl lens is characterized by extreme lens fiber disorganization and is small relative to wild type (Fig. 5C) . The retinal organization in the arl and dsl mutants is comparable to wild type, which suggests that the retinal cells have organized and differentiated normally.
Unlike the arl and dsl mutants, the eye and pupil size of the lens opaque (lop) mutant fish is similar to wild type.
The lop mutants were identified due to the lens opacity that develops at 7 dpf. The lop lenses are characterized by increased numbers of large, abnormal appearing cells adjacent to the lens epithelial cell layer and fiber disorganization (Fig. 5D) . Two additional abnormalities are also present in the lop mutant eyes. First, the photoreceptor layer lacks central photoreceptors, although photoreceptors can be identified at the retinal margin (Fig. 5D) . Second, the retinal marginal zone appears hyperplastic relative to wild type. The lop mutant ocular cell hyperplasia may indicate that a retina regeneration response is occurring (Vihtelic & Hyde, 2000) .
Summary
These results, and the results from previous mutagenesis screens by others, indicate that characterizing zebrafish mutants that exhibit abnormal ocular morphology can identify critical steps in ocular development. Zebrafish embryos are easily accessible and their optically translucent nature allows for the observation of tissue morphology throughout embryogenesis. Therefore, the zebrafish model offers the unique opportunity to combine the genetic dissection of eye development and maintenance with techniques to analyze the behavior of the retinal and lens cell populations during very early developmental times. The further characterization of the zebrafish retinal and lens mutants may lead to the identification of mutations that cause phenotypes analogous to inherited human conditions characterized by degeneration of the retinal cells or opacity of the lens. Fig. 5 . Lens defects exhibited by the arl, dsl and lop mutants. A wildtype eye section (7 dpf) is shown in panel A for comparison. The arl mutant eye lacks a lens at 7 dpf (panel B; arrow). The dsl mutant, which displays lens fiber disorganization at 7 dpf, is shown in panel C. The lop mutant lens is characterized by large numbers of cells located adjacent to a disorganized lens (panel D). In addition, the lop mutant eye photoreceptor layer lacks central photoreceptors (arrowheads), although photoreceptor cells are present at the retina peripheral margin (arrow). Abbreviations: L, lens. Scale bar in panel A (50 lm) also applies to panels B-D.
